An analytical system based on rRNA-targeted reverse transcription-quantitative PCR (RT-qPCR) for enumeration of catalase-negative, Gram-positive cocci was established. Subgroup-or species-specific primer sets targeting 16S or 23S rRNA from Enterococcus, Streptococcus, and Lactococcus were newly developed. The RT-qPCR method using these primers together with the previously reported primer sets specific for the Enterococcus genus, the Streptococcus genus, and several Streptococcus species was found to be able to quantify the target populations with detection limits of 10 3 to 10 4 cells per gram feces, which was more than 100 times as sensitive as the qPCR method (10 6 to 10 8 cells per gram feces). The RT-qPCR analysis of fecal samples from 24 healthy adult volunteers using the genus-specific primer sets revealed that Enterococcus and Streptococcus were present as intestinal commensals at population levels of log 10 6.2 ؎ 1.4 and 7.5 ؎ 0.9 per gram feces (mean ؎ standard deviation [SD]), respectively. Detailed investigation using species-or subgroup-specific primer sets revealed that the volunteers harbored unique Enterococcus species, including the E. avium subgroup, the E. faecium subgroup, E. faecalis, the E. casseliflavus subgroup, and E. caccae, while the dominant human intestinal Streptococcus species was found to be S. salivarius. Various Lactococcus species, such as L. lactis subsp. lactis or L. lactis subsp. cremoris, L. garvieae, L. piscium, and L. plantarum, were also detected but at a lower population level (log 10 4.6 ؎ 1.2 per gram feces) and prevalence (33%). These results suggest that the RT-qPCR method enables the accurate and sensitive enumeration of human intestinal subdominant but still important populations, such as Gram-positive cocci.
Enterococci, streptococci, and lactococci are catalase-negative, Gram-positive cocci that are usually facultative anaerobes. Although these genera were originally classified as the single genus Streptococcus, extensive nucleic acid hybridization studies and comparative oligonucleotide cataloguing revealed that the taxon consists of three genetically distinct groups, which is the present widely accepted classification (59) (60) (61) . These groups belong to the lactic acid bacteria (LAB) and include several beneficial species, such as Streptococcus thermophilus, Lactococcus lactis, and Enterococcus faecalis, which are widely used in fermented food (8, 21, 51) . Enterococci and streptococci are members of human intestinal microbiota and are commonly detected in fecal samples of healthy adults as subdominant populations (23, 57) . Lactococci, which are the most commonly found bacteria in dairy products (10) , have not been regarded as commensals but rather transient bacteria ingested with food (8, 38) . On the other hand, some enterococcal and streptococcal species are considered the cause of a variety of infections in humans (48, 57) , while lactococci rarely cause human infections (8) . Enterococci were traditionally regarded as low-grade pathogens, but they have recently emerged as a leading cause of nosocomial infections, such as urinary tract infections (UTIs) and bloodstream infections (BSIs) (15, 64) . The spread of antibiotic-resistant enterococci has also become a major problem worldwide (11, 47) . Streptococcal infections, the incidence of which has been less than that of enterococcal infections, include a range of serious infections from dental caries and pharyngitis to life-threatening conditions, such as necrotizing fasciitis and meningitis (46) . These human intestinal catalase-negative, Gram-positive cocci have been mainly enumerated by conventional culture methods (17, 39, 59) . These methods involve the use of selective microbiological media, followed by isolation of pure cultures and the application of confirmatory biochemical tests, which are labor-intensive and time-consuming. Although various commercially available test systems have been developed to overcome these shortcomings, there are still significant problems of inaccurate classification and identification owing to the fact that phenotypic tests do not always allow clear results to be obtained (7, 30, 53) . Fluorescent in situ hybridization (FISH) and PCR have been adopted as the best cultivation-independent methods for quantitative analysis of human intestinal microbiota and are recognized as having advantages in terms of specificity. The quantitative PCR method (qPCR) with rRNA-targeted primers is one of the most popular methods for identifying predominant bacterial populations (4, 27-29, 44, 45) . However, it has been demonstrated that the sensitivity of qPCR is around 10 5 to 10 6 cells per gram feces, which does not seem to be sufficient for accurate quantification of subdominant populations in the intestines (10 3 to 10 6 cells per gram feces), such as Gram-positive cocci. Recently, high-throughput analysis approaches, such as pyrosequencing and phylogenetic microarrays, have been ap-plied successfully to study the microbial community in the human intestines (2, 9, 12, 54) and allowed estimates of subdominant populations.
Our previous study showed that the reverse transcription (RT)-qPCR method targeting rRNA molecules was more than 100 times as sensitive as the qPCR method targeting the corresponding rRNA gene and enabled the accurate quantification of subdominant bacterial populations in human intestines with detection limits of 10 2 to 10 4 cells per gram feces (42, 43) . In addition to the previously reported primer sets for the Enterococcus genus (43) , the Streptococcus genus, and various associated species (58), we here describe new primer sets that have been developed for quantification of Enterococcus species subgroups, Streptococcus species, and Lactococcus subgroups to analyze the overall bacterial populations of human intestinal Gram-positive cocci. Fecal microbiota of 24 healthy Japanese adults were analyzed by RT-qPCR with these primer sets and the distributions of Enterococcus, Streptococcus, and Lactococcus were investigated in detail.
MATERIALS AND METHODS
Reference strains and culture conditions. The strains listed in Table 1 were used in this study. All enterococcal strains were grown anaerobically in MRS broth (Becton Dickinson, Sparks, MD) at 37°C, except that Enterococcus caccae DSM 19114 T was grown anaerobically in brain heart infusion (BHI) broth (Becton Dickinson) at 37°C. T were grown aerobically in BHI broth at 30°C and at 20°C, respectively. The CFU counts of E. faecium and L. lactis subsp. lactis were determined by culturing the organism on MRS agar.
Development of rRNA-targeted primers. The development of rRNA-targeted primers was performed according to the method described by Matsuda et al. (43) . We herein constructed nine sets of Enterococcus subgroup-or speciesspecific primers (for E. faecalis species, E. caccae species, E. cecorum species, E. sulfureus subgroup, E. casseliflavus subgroup, E. avium subgroup, E. dispar species, E. faecium subgroup, E. faecium species), two sets of Lactococcus subgroupspecific primers (L. lactis subgroup and L. piscium subgroup), and a set of Streptococcus species-specific primer (for S. salivarius or S. thermophilus), as shown in Table 2 . Dividing the target species into subgroups was conducted based on the 16S rRNA sequence phylogenetic trees, and each primer was designed against the highly conserved regions within each species by comparison of the sequences in silico.
Determination of primer specificity. The specificity of the primers used in this study was determined as follows. Total RNA fractions extracted from the bacterial cells of each strain shown in Table 1 at a dose corresponding to 10 10 cells per 10 ml were assessed for RT-qPCR using the subgroup-or species-specific primers ( Table 2) . Bacterial cell counts were determined by the 4Ј,6-diamidino-2-phenylindole (DAPI) staining method by the method of Jansen et al. (35) . Each analytical curve ranging from 10 3 or 10 4 to 10 9 cells per 10 ml was generated with RT-qPCR data, threshold cycle (C T ) value, and the corresponding cell count, which was determined microscopically with the DAPI staining method, of the dilution series of the following representative strains: E. faecalis ATCC 19433 T (for g-Encoc-F/R and s-Efs-F/R), E. T (for sg-Lcpis-F/R). Using the analytical curve, the amplified signal was judged positive when it was more than that of 10 9 standard cells and negative when it was less than that of 10 5 standard cells. Signals between 10 5 and 10 9 standard cells were defined as positive and negative. The amplified signal was defined as negative when the peak of the corresponding melting curve was different from that of the standard strain.
Total RNA isolation and RT-qPCR. For RNA stabilization, each fresh bacterial culture (100 l) was added to 2 volumes of RNAlater (Ambion, Inc., Austin, TX). Although we had used RNAprotect bacterial reagent (Qiagen GmbH, Hilden, Germany) to stabilize bacterial RNA in our previous method, we have changed it to RNAlater because of some advantages of using RNAlater, such as the longer stability, and have confirmed that the treatment of feces by RNAprotect and by RNAlater showed identical results. There were no significant differences in the results of RT- T due to the difference in the RNA-stabilizing agents (see Fig. S1 in the supplemental material). After centrifugation of the mixture at 5,000 ϫ g for 10 min, the supernatant was discarded, and pellets were stored at Ϫ80°C until used to extract RNA. RNA extraction and RT-qPCR were performed by the methods described by Matsuda et al. (43) .
DNA extraction and qPCR. DNA extraction and qPCR were performed by the methods described by Matsuki et al. (44) . qPCR amplification and detection were performed in 384-well optical plates on an ABI PRISM 7900HT sequence detection system (Applied Biosystems).
Collection and preparation of fecal samples. A spoonful of feces (0.3 to 0.5 g) was collected into a tube containing 2 ml of RNAlater immediately after defecation. Each fecal sample was weighed and suspended in 9 volumes of RNAlater to make a fecal homogenate (100 mg feces/ml). In preparation for RNA extraction, 200 l of the fecal homogenate was added to 1 ml of phosphate-buffered saline (PBS). After centrifugation of the mixture at 5,000 ϫ g for 10 min, the supernatant was discarded, and the pellet was stored at Ϫ80°C until used to extract RNA. In preparation for DNA extraction, 200 l of the fecal homogenate was added to 1 ml of PBS, and after centrifugation of the mixture at 5,000 ϫ g for 10 min, 1 ml of the supernatant was discarded. After another wash with 1 ml of PBS, the pellets were stored at Ϫ30°C until used to extract DNA.
Quantification of bacteria added to human feces by RT-qPCR and qPCR. Fecal samples showing no response in a preliminary RT-qPCR assay with any of the five primer sets (s-Efs-F/R, s-Efm-F/R, sg-Lclac-F/R, sg-Lcpis-F/R, and sSag-F/R) were selected for the following spike experiment. T were added to the fecal homogenate to obtain final concentrations ranging from 10 3 to 10 10 cells per gram feces (per 10 ml fecal homogenates containing 1 g feces). As a reference, the same serial dilutions were added to MRS broth at final concentrations ranging from 10 3 to 10 10 cells per 10 ml broth. The bacterial cell counts of the cultures spiked were enumerated by the DAPI staining method. Total RNA (about 40 g) was extracted from the fecal homogenates, including 20 mg of the feces, and was dissolved in 1 ml of nuclease-free water. Similarly, DNA (about 30 g) was extracted and dissolved in 1 ml of Tris-EDTA (TE) buffer. Five-microliter amounts of 100-fold dilutions of the nucleic acids (corresponding to 1/20,000 amounts of the extracted RNA and DNA [about 2 and 1.5 ng, respectively]) were subjected to RT-qPCR/qPCR analysis. C T values were obtained by RT-qPCR assay of RNA fractions extracted from the fecal homogenates and broth, with the specific primer sets: s-Efs-F/R, s-Efm-F/R, sg-Lclac-F/R, sg-Lcpis-F/R, and sSag-F/R (listed in Table 2 ). C T values were similarly obtained by qPCR assay of the DNA fractions extracted from the same fecal homogenates and broth. Each analytical curve was generated with a C T value and the corresponding cell count. Similarly, serial dilutions of E. dispar DSM 6630
T were added to the fecal homogenates from five volunteers to obtain final concentrations ranging from 10 3 to 10 9 cells per gram feces, and RT-qPCR or qPCR analysis using the s-Edis-F/R primer set was performed.
Determination of bacterial count by RT-qPCR. RNA fractions were extracted from fecal samples from 24 healthy adult volunteers (15 males and 9 females; ages, 20 to 65 years [average, 39 Ϯ 13 years]) by a previously described method (43) , and 1 ml of RNA solution extracted from 20 mg feces was obtained (RNA concentration, 33 Ϯ 12 g/ml). For identification of the target bacterial population in the fecal samples, 1/20,000, 1/200,000, or 1/2,000,000 portion of the extracted RNA from 20 mg of feces was subjected to RT-qPCR, and the C T values in the linear range of the assay were applied to the analytical curve generated in the same experiment to obtain the corresponding bacterial count in each nucleic acid sample, which was converted to the count per sample.
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Sequencing of RT-PCR-amplified rRNA genes. RT-PCR products generated with the primer sets of g-Encoc-F/R, g-Str-F/R, sg-Lclac-F/R, sg-Lcpis-F/R, and s-Sal-F/R were purified with Montage PCR centrifugal filter devices (Millipore Corporation, Bedford, MA) and used for sequence analysis of 16S or 23S rRNA gene fragments. Sequencing analysis was performed according to the method described by Matsuda et al. (43) . , ATCC 11454, and ATCC 13675) was added to 3 volumes of a solution of 4% paraformaldehyde (PFA) and PBS, which was then incubated at 4°C for 16 h. PFA-treated sample was smeared over a MAS-coated slide glass (Matsunami, Osaka, Japan), which was hybridized with the probes or stained with Vectashield mounting medium with DAPI (Vector Laboratories, Inc., Burlingame, CA) after treatment with 1 mg/ml lysozyme (Sigma-Aldrich Co., St. Louis, MO) at 37°C for 15 min. Observation and acquisition of fluorescent images were performed with a Leica imaging system (an automatic fluorescent microscope Leica DM6000, image acquisition software QFluoro, and a cooled black-and-white charge-coupled device [CCD] camera Leica DFC3500FX) (Leica Microsystems GmbH, Wetzlar, Germany). The smear samples containing 30 to 300 targeted cells per field were prepared. The bacterial count was expressed as the mean value of 10 fields for each smear sample.
RESULTS
Primer specificity. The specificity of the newly developed primers together with the Enterococcus genus-specific primers (43) and Streptococcus genus-or species-specific primers (58) ( Table 2 ) was evaluated against the total RNA fractions extracted from 75 bacterial strains (shown in Table 1 ) corresponding to 10 10 cells per 10 ml. Each primer set gave positive results only for its target bacterial subgroup or species. The primer sets of sg-Ecass-F/R (for the Enterococcus casseliflavus subgroup), sg-Eavi-F/R (for the E. avium subgroup), s-Edis-F/R (for E. dispar), g-Str-F/R (for the Streptococcus genus) and s-Spn-F/R (for Streptococcus pneumoniae or S. mitis) reacted with nontarget bacterial strains but approximately 10,000-fold less intensively than with the specific targets, indicating that these cross-reactions had little effect on specific enumeration of the target bacterial populations. The RNA fractions extracted from five strains of E. faecalis, three strains of S. salivarius, and five strains of Lactococcus lactis subsp. lactis were assessed by RT-qPCR using g-Encoc-F/R, g-Str-F/R, and sgLclac-F/R primer sets, indicating that quantification of the different strains was very precise (see Fig. S2 in the supplemental material).
Comparison of RT-qPCR, qPCR, and FISH for quantification of pure culture. As for all primer sets used in this study, analytical curves generated by RT-qPCR and qPCR with 10-fold serial dilutions of RNA and DNA extracted from their target pure cultures were shown in Table 3 . While the slope of the analytical curve obtained by RT-qPCR was almost equivalent to that of the corresponding curve by qPCR, there was a significant difference between the y-axis intercepts (C T values) for all the species tested, showing that the detection limits by RT-qPCR were at least 100 times lower than those by qPCR. The RT-qPCR method was also compared with FISH, a well-established methodology, for quantitative analysis of fresh pure culture of E. faecalis, S. salivarius, and L. lactis subsp. lactis (Table 4 ). The bacterial counts determined by RT-qPCR and FISH were found to be
The specificity of the RT-qPCR assay for target bacteria with each primer set was investigated using RNA extracts corresponding to 10 10 cells per 10 ml from each strain described. Specificity was judged using the criteria described in Materials and Methods. The amplified signal was judged positive (ϩ) when it was more than that of 10 at equivalent levels, suggesting that the RT-qPCR method could enumerate target bacteria accurately.
Comparison of RT-qPCR and qPCR for quantification of bacteria added to human feces. Serial dilutions of E. faecalis, E. faecium, L. lactis subsp. lactis, L. piscium, and S. agalactiae cell suspensions were added to the feces of volunteers who had been confirmed in advance not to have the corresponding indigenous populations and also added to the MRS broth as a reference. The counts of the added bacteria determined by the DAPI staining method (x axis) and the RT-qPCR value or the qPCR value (C T value, y axis) for E. faecalis, E. faecium, L. lactis subsp. lactis, and S. agalactiae were found to correlate well over the range of 10 3 to 10 10 cells (R 2 , Ͼ0.99), while the correlation between the DAPI counts and the qPCR value for L. piscium was slightly low (R 2 , Ͼ0.96) (Fig. 1A to E) . With all 5 primer sets, the analytical curves for the counts in the feces corresponded with the equivalent counts in the broth, indicating that the bacteria added to the feces were accurately quantified by RT-qPCR. The amplification efficiencies of RT-qPCR and qPCR were also almost equal, judging from the slopes of their analytical curves. In contrast, there was a significant difference between the y-axis intercepts (C T values) of both analytical curves, namely, the detection limits, which were 10 3 to 10 4 bacterial cells per gram feces and were 100 to 10,000 times as sensitive as the qPCR assay (lower detection limits, 10 6 to 10 8 cells per gram feces). The E. dispar cells spiked into five different fecal specimens were quantified by the equivalent accuracy by RT-qPCR and qPCR using the s-Edis-F/R primer set (Fig. 1F) .
Quantification of Gram-positive cocci in human feces by RT-qPCR. RT-qPCR analysis was performed to enumerate Enterococcus, Streptococcus, and Lactococcus in the fecal samples collected from 24 healthy adult volunteers (15 males and 9 females; ages, 20 to 65 years [average, 39 Ϯ 13 years]) ( Table  5 ). The population levels of Enterococcus, Streptococcus, and Lactococcus were log 10 6.2 Ϯ 1.4, log 10 7.5 Ϯ 0.9, and log 10 4.6 Ϯ 1.2 (mean Ϯ SD) cells per gram feces, respectively. Enterococcus and Streptococcus were detected in all 24 volunteers, while Lactococcus was detected in only 8 subjects (33%).
To confirm the validity of quantification by RT-qPCR, sequence analysis of the RT-qPCR products was performed. The sequence analysis of the RT-qPCR products amplified by the g-Encoc-F/R primer set (0.30-kb fragments) revealed the presence of various bacteria belonging to enterococcal species, such as E. avium (GenBank accession no. AF133535), E. gilvus a Specific primer sets were developed using 16S rRNA gene sequences, except for primer sets sg-Eavi-F/R, s-Efm-F/R, g-Str-F/R, and s-Spn-F/R, which target the 23S rRNA gene.
b The primer names reflect their target. The beginning of the primer name shows the taxon targeted (g, genus; sg, subgroup; s, species). The middle of the primer name shows the species (abbreviated). The end of the primer name shows whether it is a forward (F) or reverse (R) primer.
c RNAs extracted from the standard strains described in Materials and Methods were used as RT-qPCR controls.
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(GenBank accession no. DQ411810) or E. raffinosus (GenBank accession no. Y18296) or E. malodoratus (GenBank accession no. AJ301835), E. faecium (GenBank accession no. AJ301830) or E. durans (GenBank accession no. AJ276354), and E. faecalis (GenBank accession no. AB012212) in 9, 6, 6, and 3 of the 24 subjects tested, respectively, with identities of more than 99%. The values for homology between the sequences of the dominant 0.27-kb fragments amplified by the g-Str-F/R primer set and the 23S rRNA sequence of S. salivarius (GenBank accession no. ACLO01000090; region, 1 to 2878) or S. thermophilus (GenBank accession no. CP000419; region, 20970 to 23859) and S. bovis (GenBank accession no. AB168118) from 2 subjects (subjects 3 and 5) were 100% and 99.6%, respectively. The lactococcal species detected by sg-Lclac-F/R and sg-Lcpis-F/R primer sets (0.56-kb and 0.57-kb fragments, respectively) were found to be L. lactis subsp. lactis (GenBank accession no. AB100803) or L. lactis subsp. cremoris (GenBank accession no. AB100802), L. piscium (GenBank accession no. DQ343754), L. garvieae (GenBank accession no. AF061005), and L. plantarum (GenBank accession no. EF694029) with identity of more than 99%.
Composition of Enterococcus subgroups and Streptococcus subgroups by RT-qPCR.
RT-qPCR analysis using the subgroup-or species-specific primers was performed to investigate the population structure of various Enterococcus species in fecal samples from 24 subjects ( Table 6 ). The mean total count of organisms belonging to Enterococcus species as the sum of four subgroups and four species was log 10 5.9 Ϯ 1.5 per gram feces, which showed a high correlation with the count determined by RT-qPCR using Enterococcus genus primers (log 10 6.2 Ϯ 1.4 per gram feces). The four major Enterococcus species subgroups, the E. avium subgroup, the E. faecium subgroup, E. faecalis, and the E. casseliflavus subgroup, were found to be widely distributed in adult intestines, with incidences of 79, 46, 46, and 33% and population levels of 5.4 Ϯ 1.4, 5.9 Ϯ 1.6, 5.2 Ϯ 1.4, and 4.4 Ϯ 1.0 (all values log 10 mean Ϯ SD per gram feces), respectively. E. caccae was detected in only one subject, and E. dispar, the E. sulfureus subgroup, and E. cecorum were not detected. The population level of E. faecium species was almost equal that of the E. faecium subgroup, except for one subject (subject 12). Considering that the sequence of the fragments amplified by the g-Encoc-F/R primer set in subject 12 was similar to the sequence of E. faecium or E. durans, the dominant enterococcal species was found to be E. durans. The E. avium subgroup, the E. faecium subgroup, and E. faecalis were the predominant enterococcal species of individual subjects, which was completely in agreement with the results of population levels determined by genus-specific primers and sequencing analysis. b The counts were determined by RT-qPCR using g-Encoc-F/R, g-Str-F/R, and sg-Lclac-F/R primer sets.
c The counts were determined by FISH using the Eub338 probe.
VOL. 76, 2010 ANALYTICAL SYSTEM FOR HUMAN FECAL GRAM-POSITIVE COCCI 5445 Table 7 shows the diversity of the population levels of different Streptococcus species in the fecal samples. S. salivarius or S. thermophilus was detected in all the subjects at a mean population level of log 10 7.4 (Ϯ0.8) per gram feces, which was equivalent to that determined by RT-qPCR using Streptococcus genus-specific primers (log 10 7.5 Ϯ 0.9 per gram feces). S. pneumoniae or S. mitis (100%) (log 10 5.7 Ϯ 0.8 per gram feces) and S. agalactiae (29%) (log 10 4.9 Ϯ 0.6 per gram feces) were detected with lower population levels, and S. pyogenes was not detected. These results suggest that S. salivarius or S. thermophilus is the predominant streptococcal species in Japanese adult intestines. Sequence analysis of RT-qPCR products amplified by the s-Ssal-F/R primer set (0.68-kb fragments) was performed to distinguish between these two species, which revealed that the species detected in all 24 subjects was S. salivarius.
DISCUSSION
Quantitative PCR (qPCR) has been the most widely used molecular method in this field, and a variety of target genes, such as 16S rRNA, 23S rRNA, gtf, cpn60, and species-specific toxin genes, have been used for the detection of Enterococcus (3, 4, 13, 20, 33, 55), Streptococcus (19, 21, 26, 71) , and Lactococcus (19, 25, 41) . Although many studies have demonstrated the application of qPCR for analysis of fecal samples (3, 4, 13, 19, 20, 25, 41, 55) , these quantitative detections were limited to several species or restricted to the range above 10 5 cells per gram feces, which is insufficient for the analysis of the subdominant populations that inhabit human intestines at such low population levels. In this study, for comprehensive quantification of the human intestinal Gram-positive cocci at both the genus subgroup and species levels, we have developed 16S or 23S rRNA-targeted primer sets for Enterococcus, Streptococcus, and Lactococcus. Each primer was designed against the highly conserved regions within each species by comparison of the sequences in silico, and the RNA fractions of several strains of E. faecalis, S. salivarius, and L. lactis subsp. lactis were assessed by RT-qPCR, revealing that each strain of the target species was equally quantified in accordance with the sequence analysis in silico (see Fig. S2 in the supplemental material) . Dividing the target species by the primer sets (e.g., speciesspecific or subgroup-specific primers) sometimes involved an inability to discriminate between certain species, which is related to the limitation of the method targeting the rRNA genes.
As our previous study suggested that the RT-qPCR method constitutes a breakthrough in terms of detection limits (42, 43) , we confirmed that the RT-qPCR method with serial dilutions of RNA extracted from pure culture (Table 3 ) and with RNA fractions extracted from feces including target species (Fig. 1) was approximately 100 to 10,000 times as sensitive as the qPCR method. The higher detection limit of qPCR seems to be due to nonspecific amplification through the formation of primer dimers, which could delay the amplification cycle of qPCR. Both RNA and DNA were successfully extracted at the same levels regardless of the strains used, and the reason why the degree of difference between the detection limit by RT-qPCR and qPCR varies with the primer sets remains unclear. It is well-known that the expression of rRNA genes is tightly dependent on the physiological status of bacteria (24, 56) , and we previously confirmed that the RT-qPCR method could accurately enumerate target organisms throughout the growth phase in broth culture (e.g., E. faecalis ATCC 19433 T ) (42) . The cell counts determined by RT-qPCR and the culture method concerning E. faecium and L. lactis subsp. lactis were almost equivalent (Fig. 2) , and the cell counts of pure cultures determined by RT-qPCR and FISH were also found to be at almost equal levels ( Table 4 ), suggesting that RT-qPCR could be applied for accurate quantification of the Gram-positive cocci.
As shown in Tables 6 and 7 , the total counts of target T (E) at final concentrations ranging from 10 3 to 10 10 cells per gram were assessed by RT-qPCR (Ⅺ) and qPCR (E) using primer sets s-Efs-R/R, s-Efm-F/R, sg-Lclac-F/R, sg-Lcpis-F/R, and s-Sag-F/R, respectively. As a reference, MRS broth supplemented with the same serial dilutions at final concentrations ranging from 10 3 to 10 10 cells per 10 ml broth was also assessed by RT-qPCR (f) and qPCR (F). (F) Fecal samples from five healthy adults spiked with E. dispar DSM 6630 T at final concentrations ranging from 10 3 to 10 9 cells per gram were assessed by RT-qPCR and qPCR using the s-Edis-F/R primer set. Fecal samples from subject 1 (squares), 2 (diamonds), 3 (triangles), 4 (crosses) and 5 (circles) were examined by RT-qPCR (filled symbols) or qPCR (open symbols). The total bacterial count was determined by DAPI staining and plotted against the corresponding C T values obtained from RT-qPCR and qPCR assays.
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on August 15, 2017 by guest http://aem.asm.org/ organisms determined as the sum of the counts obtained by RT-qPCR using the subgroup-and species-specific primer sets and the counts by the genus-specific primer set were equivalent in most subjects, while there were some differences between the counts in several subjects, which may be because each genus-specific primer set targeted wide-ranging species belonging to the assigned genus, and therefore, the ranges of detection differed among species, although they were confirmed within a several fold range. Many studies based on the conventional culture method have revealed that enterococci are a commensal intestinal population with an average count ranging from 10 5 to 10 7 CFU per gram feces and that E. faecalis is the species detected most frequently in fecal samples, followed by E. faecium and other less commonly found species, such as E. durans, E. avium, E. gallinarum, E. casseliflavus, and so on (5, 22, 23, 48, 50) . Although recent molecular analyses have also revealed populations of enterococci, these were limited to the whole genus (55, 63) or to particular species, such as E. faecalis (3, 4) and E. faecium (20) , and other species have not been examined effectively. Therefore, we believe that this is the first study to examine enterococcal populations in human intestines at both the species and subgroup levels and that this study reveals the true enterococcal diversity ( Table 6 ). The RT-qPCR analysis provided new findings that the E. avium subgroup, including E. avium, E. raffinosus, E. malodoratus, E. gilvus, and E. pseudoavium, was the predominant enterococcal species subgroup in most of the healthy adults tested, followed by the E. faecium subgroup, E. faecalis, the E. casseliflavus subgroup, and E. caccae. Unlike well-characterized species, such as E. faecalis and E. faecium, which have been identified as being associated with several human diseases, such as infections (36, 48) and cancer (3, 67, 69) , and antimicrobial resistance (47, 52) , the species belonging to the E. avium subgroup are known to be relatively infrequently associated with human infections (48) . Therefore, the fact that the E. avium subgroup is the most prevalent enterococcal group in human intestines may indicate that it plays an important role as a commensal intestinal inhabitant. The E. casseliflavus subgroup, the fourth most frequently detected species subgroup found in 33% of the subjects tested, includes E. casseliflavus, E. gallinarum, and E. flavescens, which have been recognized as important vancomycin-resistant enterococci (40, 49, 52) . Considering the finding that the individuals harbored unique Enterococcus species, further analyses of enterococcal prevalence not only in healthy subjects as shown in this study but also in patients with gas- a The counts obtained by RT-qPCR are expressed as the number of log 10 bacterial cells. b Fecal samples were collected from 24 healthy Japanese adults (15 males and 9 females; ages, 20 to 65 years ͓average, 39 Ϯ 13 years͔). The means and standard deviations for the 24 subjects and the detection (Det.) ratios are expressed at the bottom of the table.
c The total counts of bacteria are expressed as the sum of the counts determined by g-Encoc-F/R, g-Str-F/R, sg-Lclac-F/R, and sg-Lcpis-F/R primer sets. d ND, not detected. e The total counts of organisms belonging to Lactococcus species are expressed as the sum of the counts determined by sg-Lclac-F/R and sg-Lcpis-F/R primer sets.
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trointestinal symptoms (e.g., colon cancer, inflammatory bowel disease) are needed to identify possible relationships between enterococci and gastrointestinal symptoms. As with enterococci, several streptococcal species have been found in human feces (18, 57) , but comprehensive quantification has not been reported so far. In this study, RT-qPCR quantification and sequence analysis revealed that streptococci were detected in all the subjects at population levels of around 10 7 cells per gram feces, with the highest prevalence detected for S. salivarius, the dominant streptococcal species. Although it has been reported that S. salivarius is mainly found in the oral cavity (18, 32) , our novel finding that S. salivarius is present at such a high level and high prevalence in human intestines suggests that S. salivarius is a commensal bacteria in human intestines. The RT-qPCR analysis using the s-Spn-F/R primer set also suggested that either S. pneumoniae or S. mitis colonizes human intestines, although these two species were indistinguishable because the 23S rRNA gene sequences of S. mitis (GenBank accession no. FN568063; region, 18468 to 21387) and S. pneumoniae (GenBank accession no. AB168128) are absolutely identical in the 0.36-kb fragments amplified by the s-Spn-F/R primer set. S. pneumoniae, which is the leading cause of community-acquired pneumonia (16, 46), has not been reported to colonize the human intestines, while S. mitis is a major component of oral microflora and is also found in human feces (16, 18) . Taken together with the present findings, it therefore seems that the streptococcal species detected by the s-Spn-F/R primer set is S. mitis, but further studies are required to confirm this by targeting species-specific genes, such as pneumolysin (26) . S. agalactiae, the most common cause of neonatal sepsis (62) , is known to colonize the vaginas and recta of pregnant women (31). In our study, the number of subjects harboring S. agalactiae in feces accounted for 29% of the total, which was in agreement with the rates previously reported (14, 31, 34) . S. pyogenes, which is a common pathogenic streptococcal species and causes not only common illnesses, such as pharyngitis, but also life-threatening diseases, such as sepsis and necrotizing fasciitis, was not found in the feces tested. Our results suggest that the species-specific primer sets used in this study covered most streptococcal species inhabiting human gastrointestinal tracts. On the other hand, a sequence analysis of the amplified DNAs revealed that the predominant species in only two subjects (subjects 3 and 5) was S. bovis, which was not covered by the subgroup-or species-specific primer sets in this study, indicating that the development of a S. bovis primer would lead to more comprehensive b Fecal samples were collected from 24 healthy Japanese adults (15 males and 9 females; ages, 20 to 65 years ͓average, 39 Ϯ 13 years͔). The means and standard deviations for the 24 subjects and the detection (Det.) ratios are expressed at the bottom of the table.
c The total counts of organisms belonging to Enterococcus species are expressed as the sum of the counts determined by sg-Eavi-F/R, sg-Efm-F/R, s-Efs-F/R, sg-Ecass-F/R, s-Ecacc-F/R, s-Edis-F/R, sg-Esulf-F/R, and s-Ececo-F/R primer sets.
d The counts are for E. faecium subgroup species (E. faecium, E. durans, E. mundtii, and E. hirae). e The counts are for E. faecium species.
understanding of the population levels of Streptococcus in human intestines. Although lactococci are found ubiquitously in the environment (e.g., in plants, animals, fish) and food (e.g., milk, cheeses, meats), only a few cases of their detection in fecal samples from adults have been reported (70) . In this study, 4 lactococcal species were detected in 8 subjects (33%). L. lactis subsp. lactis or L. lactis subsp. cremoris has been widely used to produce dairy products (6, 10) , and beneficial effects of this species on intestinal microbiota have been reported (37, 66) . L. garvieae is known as an important species in aquaculture owing to its infections of fish (68) , while there is little information with regard to L. piscium and L. plantarum. Considering our new finding that lactococci were detected in nearly one-third of the subjects and the accumulated information concerning the extent of lactococcal distribution in food and the environment, further studies are needed to ascertain whether lactococci are commensal or transient bacteria.
In conclusion, we developed a culture-independent quantification system for catalase-negative Gram-positive cocci in human intestines using rRNA-targeted RT-qPCR technology. RT-qPCR using the newly developed genus-, subgroup-, or species-specific primer sets enabled accurate and sensitive differentiation of the diverse bacterial groups that are otherwise frequently confused by existing identification systems.
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